We study optical trapping of small particles based on the use of a bowtie nanoaperture antenna (BNA) engraved at the end of a metal-coated near-field optical microscope tip. Within the obtained light confinement, a 3-D trapping of latex nanoparticles is studied and quantified as a function of the incident light power. Good agreement between experimental and numerical results is obtained for a BNA operating in water at ð ¼ 1064 nmÞ that faithfully traps 250-nm-radius latex particles. Further numerical investigations are performed to study the dynamic of the trapping process in comparison with experimental results. In addition, numerical results for R ¼ 100 nm and R ¼ 30 nm-radii latex particles are presented and show that such a configuration has the potential to trap latex particles as small as 30 nm in radius.
Introduction
Manipulation of small particles by immaterial probes such as intense light beams has attracted a lot of researches both theoretically and experimentally [1] , [2] . If we neglect the radiation pressure that is inadequate for optical trapping, the electromagnetic forces generated on such microstructures mainly depend on the spatial gradient of the electro-magnetic field. The more spatially localized the light confinement is, the higher the gradient is, and the more intense the force is. However, the presence of the nanoparticle to be trapped can greatly change the spatial distribution of the electro-magnetic field and, thus, can change its gradient [3] . Thereby, it is well known that small dielectric spheres can be trapped by conventional Gaussian beams while metallic ones are ejected out from the center of the beam [4] . In fact, in the case of micro-sized particles, the light cannot penetrate inside the particle and the radiation pressure becomes predominant. However, nano-sized metallic particles trapping is possible but needs to excite the particle resonance (resonant trapping) [5] . Unfortunately, the resonance wavelength of the particle depends on its size (volume) and on its dielectric constant through the expression of its polarizability.
Thus, it is necessary to adapt the operation wavelength, i.e. the particle dimensions and metal nature, to the fluid that must have small absorption at this wavelength. Nonetheless, conventional homogeneous electromagnetic fields are inconsistent with single particle trapping when the dimensions of the latter is small wavelength. This obstacle, related to the diffraction limit given by the Rayleigh criterion, can be bypassed by the consideration of non propagative waves such as evanescent ones created by diffraction of light by sub-wavelength features [6] . Consequently, Scanning Near-field Optical Microscopy (SNOM) facilities were proposed till 1997 by Novotny et al. [7] to use the electric field enhancement (tip effect) at a metallic tip apex as optical tweezers to trap nanometer-sized dielectric particles. A similar theoretical result was obtained by Okamoto [8] for a nanoparticle placed near a sub-wavelength aperture made in metallic film. An alternate configuration involving an apertureless metal probe and a dielectric nanosphere illuminated in total internal reflection regime, has been investigated by Chaumet et al. [9] . All these authors have theoretically analyzed and demonstrated the possibility of using the metal tip to pick up and move particles above a substrate.
However, optical tweezers are now designed for a large range of applications covering several domains such as physics, chemistry and medicine. Recently, researchers have demonstrated the ability to surpass the limits imposed by free-space diffraction by tailoring the optical and structural properties of a medium [10] . For example, Grigorenko et al. [11] utilized the strongly enhanced and localized optical near-fields of closely spaced metallic nanostructures. Similarly Yang et al. [12] were able to demonstrate optical trapping and transport of dielectric nanoparticles by exploiting the strong field confinement within slot waveguides [13] . The strength of optical traps can be enhanced by the strong confinement of the optical field and it can also be improved by exploiting the field amplification within an optical resonator. More recently, trapping of 20 nm polystyrene particles was achieved within a plasmonic nanocavity formed by a nanopore [14] and double nanohole aperture [15] . On the other hand, some studies propose to use optical tweezers to perform fine positioning of nanoshells inside human tissues [16] - [18] in view of use in nanomedicine.
Recently, optical trapping of micro particles was demonstrated inside hollow optical fiber [19] and also by using a dual tapered fiber tweezers [20] . In that paper, the authors showed the possibility of trapping simultaneously more than one particle and they also established a metastable regime. Interesting numerical study [21] of the light emitted by a single coaxial aperture demonstrated a stable optical trapping of dielectric particle as small as 2 nm diameter. Nevertheless, the experimental evidence of such a trapping is very hard although few papers have been recently published on this subject [22] - [24] . In fact, in the case of subwavelength sized particles, a direct visualization through conventional optical imaging device of the particle position can not be achieved. Thus, far-field measurements are usually performed to prove this trapping through the detection of a near-field information that can be linked to the particle position (Rayleigh scattering, fluorescence, . . .).
In this paper, experimental and numerical demonstration of optical trapping is shown. The originality of our work deals with the use of a fibred nanotweezers based on a Bowtie Nanoaperture Antenna (BNA) that is engraved at the tip apex of a metal coated near-field optical microscope probe. This BNA tip (BNAT) provides standalone optical nanosource directly excited with in-fiber illumination [25] . Emitted signal by the fiber tip only results from the BNA resonance, this means that there is no direct coupling between the fiber guided mode and the free propagating field issued from the tip [26] . The choice of the BNA is motivated by the fact that it exhibits high electromagnetic field confinement together with electric intensity enhancement in its gap zone. These two characteristics are necessary to expect optical force enhancement leading to a possible trapping of very small nanoparticles. The resonance properties of BNA antennas were studied in [27] , where a guided mode inside the BNA was demonstrated to be at the origin of this resonance that occurs at the cutoff wavelength of the fundamental guided mode. The latter is polarized along the metallic arms of the BNA and it can only be excited by an incident beam having the same polarization. Consequently, the BNA acts as a nanopolarizer which axis direction is parallel to the metallic arms. One will notice that 3-D optical trapping of polystyrene nanoparticle (diameter of 50 nm) was proposed very recently [24] using a quite similar configuration based on the combination of a BNA and a SNOM tip. No theoretical investigations on the optical forces were presented in that paper. Trapping was demonstrated through far-field measurements of the fluorescence emission modifications induced by the particle position.
The aim of our work is to experimentally and numerically study this type of efficient and standalone fibred optical tweezers i.e., the BNAT. The numerical simulations are performed using a 3-D-FDTD algorithm (homemade code) that simulates the electromagnetic near-field distribution around the nanoparticle taking into account the presence of the BNAT. The FDTD method is now widely employed to simulate light-matter interaction in nanooptics [28] - [32] . Optical forces are then derived through the determination of the Maxwell stress tensor. Note that one 3-D-FDTD simulation is necessary for each position of the particle. The obtained experimental and theoretical results show very accurate trapping of latex spherical particle with radius of R ¼ 250 nm. Smaller particles are then only numerically studied in order to prove the ability of such configuration to trap them by the high light confinement obtained within the nanoantenna gap. Comparison with cylindrical aperture tip is also done showing lower trapping efficiency.
Numerical Study
Let us recall the expression of the Maxwell stress tensor that is a matrix of 3 Â 3 elements that depend on the six electromagnetic field components as follows:
where E and H are the electric and magnetic fields, respectively, and i, j are subscripts corresponding to x , y or z. " and are the dielectric permittivity and the magnetic permeability of the medium.
The optical force exerted on a particle can be then calculated through the equation:
where S is any bounded surface delimiting a volume V that encloses the particle. One notice that S must be completely located in the same medium surrounding the particle and can not intersect any other one. For sake of simplicity, we assume a cube centered on the particle and we only record the electromagnetic field over its six faces. In addition, in the case of harmonic regime, the second term of (2) falls to zero and the force can be simply written as
In our case, depending on the considered cube face,ñ is only parallel to Ox , Oy , or Oz resulting in a very simplified expression that involves only one element of T in the calculation of the integral of (3). Our BNA was numerically designed through 3-D-FDTD simulations in order to exhibit a resonance wavelength at ' 1064 nm (see geometrical parameters in the caption of Fig. 1 ). This specific value corresponds to a minimum absorption of water (in the near infra-red region) which is supposed to hold the dielectric particles. In fact, optical trapping is always performed in fluid in order to compensate the particle weight, which is generally larger than the optical force, by the buoyancy. Thus, the BNA is engraved at the apex of a SNOM probe that is obtained by photopolymerization mechanism [33] and then coated with 100 nm thick aluminum layer. The BNA is opened at the apex thanks to a Focused Ion Beam milling. A SEM image of a typical BNA is presented on Fig. 1(a) .
A calculated near-field spectrum of the BNA is presented in Fig. 1(b) where an electric field intensity enhancement of ¼ 90 is obtained 15 nm in front of the BNA. The spatial distribution of the electric intensity in a plane located 15 nm in front of the BNAT is presented on Fig. 1(c) . It confirms the strong confinement inside the BNA gap. Instead of plotting the electric intensity, we plot its fifth root in order to get clear insight on the confinement.
First, we study the optical force produced on 250 nm-radius latex particle ðn ¼ 1:45Þ. The calculation window dimension is (2.4, 2.4, 2.58) m in x , y and z directions, respectively, and it is delimited by perfectly matched layer (PML) absorbing boundaries. A uniform 3-D meshing with Áx ¼ Áy ¼ Áz ¼ 15 nm is applied to describe the structure (BNAT þ dielectric bead). A subgriding technique is employed to faithfully characterize the permittivity of the dielectric media [34] . The three components of the optical force are then calculated through the (see (3)) for different positions of the particle when the latter is moving in a xOy horizontal plane located at small distance [d ¼ 45 nm in Fig. 2 Fig. 2(a) , while only 256 simulations were done in (c) due to the exploitation of the structure symmetry.
As it can be seen, for d ¼ 45 nm, an efficient lateral trapping is obtained in the central zone where all arrows converge toward the center of the figure i.e. the tip axis. In addition, the vertical component ðFzÞ is positive meaning an attractive force between the BNAT and the latex spherical bead. Unfortunately, the lateral force becomes centrifugal outside a rectangular-shaped area (see the rectangle in black dashed line on Fig. 2(a) meaning a leakage of the particle away from the BNAT. The symmetry of this zone can be deduced from the convolution of the electromagnetic near-field gradient (more precisely the Maxwell stress tensor which has the same symmetry properties as the BNA C 2v [see the bottom of Fig. 1(c) ] by the particle circular symmetry (projection of the spherical symmetry on the xOy plane). The result has then a C 2v symmetry properties.
The dimensions of this rectangle exactly corresponds to the particle positions for which the vertical projection of the particle on the tip contains the electromagnetic near-field of the BNA. In other terms, if we assume that this near-field is only localized at the BNA edges, the particle positions lies from Nevertheless, there are many oscillations (instabilities) that appear outside this rectangular area. They are directly linked to the BNA-particle interaction when the curved edge of this latter intersects the BNA electromagnetic near-field. The width of these oscillations is linked to the spatial extension of the electromagnetic near-field around the BNA. In a first approximation, this corresponds to the BNA dimensions ðD x ; D y Þ.
In order to point out 3-D trapping and trajectories of the particle before it is trapped, we calculate the optical force in two perpendicular vertical planes, the xOz and yOz. These results are presented on Fig. 3(a) and (b) , where the tangential componentF T [F xz in (a) andF yz in (b)] is indicated by arrows. The color background corresponds to jF T j 0:8 , where the 0.8 power is chosen in order to soften the large variations at small distances. Note that normal component (F y in (a) andF x in (b)) falls to zero. In addition, the potential U defined byF ¼ Àgrad ðUÞ, is presented in the two planes in (kT) units where (k) is the Boltzmann constant and (T) is the absolute temperature taken to be T ¼ 298 K. Currently, efficient trapping requires a minimum of 10 kT [7] , [21] potential well. In our case, this can be achieved with less than 6 mw incident power inside the fiber [see top of Fig. 3(a) and (b) ], which has the same order of magnitude as in the case of coaxial plasmonic aperture [21] . Fig. 3(c) presents the optical force amplitude along the BNAT axis (when the bead is in front of the BNA). Along this axis, there is no lateral components of the force and the vertical one is non zero. Efficient and monotonic pulling force is obtained for small distances meaning that the trapping corresponds to a bead pressed against the BNA with a potential well of 300 kT as shown on Fig. 3(d) .
Let us emphasize that the force exerted by a cylindrical aperture having the same opened area as the BNA and engraved at the same SNOM tip apex, is 1000 times smaller than the BNAT one [see green curve of the inset of Fig. 3(c) ]. In fact, such an aperture does not resonate at the same wavelength value as the BNA (here the resonance corresponds to the excitation of the fundamental guided mode inside the cylindrical aperture, the TE 11 -like mode). For this reason, we have determined the cylindrical aperture diameter ð2R ¼ 300 nmÞ that allows efficient transmission through the excitation of that guided mode at ¼ 1064 nm. Vertical force (pulling force) is then calculated for this configuration when the 250 nm-radius latex particle moves in front of the tip. The results are presented on the same Figure ( blue curve) where a maximum vertical force of almost 6 pN/100 mW is obtained for a tip-particle distance of d ¼ 45 nm. This value is two times smaller than the force obtained with the BNAT. In fact, the light confinement in this case is very weak compared to the BNAT case but the transmitted light power is larger because the opened area is seven times greater. Note that such a large diameter cylindrical aperture tip can hardly be used in a SNOM imaging experiments because it allows very low resolution and can hardly lead to a good lateral trapping of small particles.
The trapping efficiency can also be discussed in terms of force strength without considering the potential. In fact, the maximum theoretical value of the vertical force is F max z ¼ 12 pN= 100 mW corresponding to a particle-BNA distance of d ¼ 45 nm [see Fig. 3(c) ]. However, trapping is obtained with a minimum light power that can, at least, induce an optical force that allows compensation of the residual weight of the latex sphere in water. The latter is calculated, through the Archimedes' principle, to be equal to P r ¼ 1:048 Â 10 À15 N ð latex ¼ 2:634 g/cm 3 Þ. Practically, optical forces must be greater to inhibit the Brownian motion of the particle. Consequently, an injected power of only 1 mW leads to an optical force hundred times larger than P r .
Experimental Results vs Numerical Results and Discussion
This result is in a very good agreement with experiments recently done by our team [35] where similar BNA on tip was used to successfully trap latex nanoparticles of 250 nm radius (see Fig. 4(a) for the experimental setup). As shown on the Fig. 4(b) , efficient trapping is obtained when the BNA resonates with injected light power of only 1.2 mW (see movie 1).
In fact, this value is smaller than 3.3 mW that corresponds to the theoretically calculated one needed to get a potential well of 10 kT. Indeed, the latter was determined for a distance d ¼ 45 nm instead of a BNA-particle contact. As demonstrated in the movie 2, trapping was not been achieved when the particle comes from the lateral side. In fact, the particle was first ejected upwards and then it went down to get into the potential well following a quasi-axial path in front of the tip. This is in very good agreement with results of Fig. 3(a) and (b) , which clearly show that 3-D trapping can be achieved except if the nanoparticle approaches the tip from the lateral side (see also Fig. 2 ). The privileged trapping path is then along the tip axis due to efficient attractive vertical force.
In addition, we also performed experiments to qualitatively study the trapping as a function of the light power. Due to the polarization sensitivity of the BNA's resonance, we experimentally modified the light energy near the BNA by manipulating the polarization of the incident beam. As it can be seen in the movie 3, the trapping occurred but the particle directly leaved the BNAT. We have estimated the effective power of the light part that reaches the BNA to 0.7 mW. This theoretically corresponds to a potential well of only 2.1 kT at a tip-particle distance of d ¼ 45 nm that is not sufficient to keep the particle in trap.
Due to the high spatial confinement of light in the BNA gap, one can expect possible trapping of smaller particles. Nevertheless, experiments were first done with bigger particles in order to make a direct visualization of the trapping through conventional optical system (diffraction limited beams) as shown on Fig. 4 . Nonetheless, we have numerically studied the case of two smaller spherical latex particles with radius of R ¼ 100 nm and R ¼ 30 nm, respectively. The numerical simulation results are presented in Fig. 5 in term of force amplitude function of the distance along the tip axis. Distributions in the xOz and yOz planes together with potential calculations are done but not presented here. The trapping is also demonstrated for both particles. Nevertheless, the force gradients are different from one to the other. For the particle of radius R ¼ 100 nm, one can see the occurrence of a non monotonic evolution of the force versus the distance d (see the top of Fig. 5(a) ) with a depletion between d ¼ 45 nm and d ¼ 135 nm. Nevertheless, as seen on the bottom of Fig. 5(a) , a small potential well (only U ¼ À140 kT) remains, leading to a pulling force on the particle, until it is pressed against the BNAT similarly to the case of 250 nm-radius particle. This becomes completely different for the smallest studied particle of radius R ¼ 30 nm. A change of the vertical force sign occurs for d G 139 nm meaning a repulsive force on the particle (see the top of Fig. 5(b) ). At this distance, the potential exhibits a well of U ¼ À47 kT meaning a trapping of the particle without tip contact. The reasons of the apparition of this repulsive force are being studied. We believed that this can only be due to an increase of the radiation pressure relative to the gradient force. In fact, the particle is too small to induce a spectral shift of the BNA resonance that can be responsible of the light confinement decrease.
Conclusion
In summary, we have theoretically and numerically studied the dynamic of polystyrene latex particles optical trapping thanks to a standalone fibred optical tweezers based on the combination Fig. 4 . (a) Schema of the experimental setup used to the visualization of the particle trapping with the BNAT. Two illumination sources are used: The first one thanks to laser @ ¼ 1064 nm that is injected inside the fiber to induce the BNA resonance. The second is a white-light source used to directly illuminate the bowl that contains the suspended particles in water. The tip is held with a micro manipulator that allows micro-displacements along the three direction of the space. The visualization of the particle position is obtained through a conventional optical system combining a microscope objective with a CCD camera. (b) Snapshots of the trapping process showing five different positions of the latex particle function of the resonance state of the BNA.
of a metal coated SNOM probe and a bowtie nanoaperture antenna engraved at its apex. Experiments well agree with numerical simulations performed within a latex particle radius of R ¼ 250 nm where trapping has been studied as a function of the illumination light power. Supplementary numerical simulations show that this configuration is able to trap smaller particles, even if the involved potential wells are lower. We continue our theoretical and experimental investigations to highlight and better understand the trapping process in the case of nanosized particles where it is expected but under certain constraints (appropriate initial spatial position of the particle and substantial light power) without risking destruction of the BNAT by optical heating for example.
